Aim: This study evaluated new bone formation activities and trabecular bone microarchitecture within the highly porous region of Trabecular Metal™ Dental Implants (TM) and between the threads of Tapered Screw-Vent® Dental Implants (TSV) in fresh canine extraction sockets.
| INTRODUCTION
There have been many efforts to improve dental implant performance at the bone-implant interface by modifying the topography and chemistry of the implant surface (Lavenus, Louarn & Layrolle, 2010; Stanford, 2008) . Another approach has been to alter the structure of the implant surface through the construction of porosity (Bencharit et al., 2014; Liu, Bao, Wismeijer, Hosseini & Wu, 2015; Pilliar, 1998) .
Porous surface coatings fabricated by sintering titanium beads onto titanium alloy substrates have resulted in micropores that range from 100 to 400 μm in size with ~35% porosity (Pilliar, Cameron, Binnington, Szivek & Macnab, 1979) . Histologic findings of an 18-month trial in dogs showed higher bone-in-contact in the porous titanium bead implant than in a cylindrical, threaded implant (Deporter, Watson, Pilliar, Chipman & Valiquette, 1990; Pilliar, 1998) .
Many studies since the 1970s have reported that the size of the pores and overall percentage of porosity are the determining factors for successful bone ingrowth (Schlee et al., 2014) . While 100 μm pores have been reported as acceptable for bone ingrowth, other researchers have maintained that 150 μm pores would be needed for osteon formation and 300 μm pores would be more ideal to support the ingrowth of both bone and vascular structures inside the material (Schlee et al., 2014) . Porous surface coatings have achieved some of these characteristics to varying degrees (Deporter et al., 1990) , but tend to offer limited porosity with pores in irregular dimensions (Schlee et al., 2014) . Bobyn, Stackpool et al., (1999) developed a tantalum (Ta)-based, trabecular-structured biomaterial with ~80% porosity by coating a vitreous carbon scaffold with elemental Ta through a chemical vapor deposition (CVD) process (Trabecular Metal™ Material, Zimmer Biomet TMT, Parsippany, NJ, USA) (TM). The porous TM biomaterial contains a network of pores (~440 μm in size) that interconnect to form large internal dodecahedron-shaped healing chambers or cells in regular sizes and shapes (Balla, Bodhak, Bose & Bandyopadhyay, 2010; Shimko, Shimko, Sander, Dickson & Nauman, 2005; Zardiackas et al., 2001) . Histologic assays of the bone ingrowth responses to the TM biomaterial in a dog model have indicated a propensity for rapid infiltration of bone tissue over healing (Bobyn, Toh et al., 1999) . For dental applications, this TM biomaterial has been positioned in the midsection of a conventional titanium alloy implant body (Trabecular Metal™ Dental Implants, Zimmer Biomet, Palm Beach Gardens, FL, USA) that comprises the coronal, apical, and internal regions of the implant (Kim et al., 2013) . This design has enabled TM dental implants to undergo two different healing pathways. The first healing pathway is conventional osseointegration (or bone ongrowth), which occurs at the textured tantalum and titanium implant surfaces (Kim et al., 2013; Liu et al., 2015) . The second pathway is intramembranous-like healing characterized by rapid bone, blood vessel, and marrow formation inside the pores (or bone ingrowth) and internal healing chambers of the TM biomaterial Smith et al., 2014) . In addition to osteoconduction that occurs along the peripheral pores of the implant, preosteoblasts present in the blood clot inside the TM biomaterial have been theorized to differentiate into osteoblasts that lay down seams of osteoid, which combines with calcium to form calcified bone tissue inside the TM pores and internal healing chambers (Spinato, Zaffe, Felice, Checchi & Wang, 2014) . Bencharit et al. (2014) termed this combined bone ongrowth and ingrowth healing process as "Osseoincorporation."
In a pilot dog study, Kim et al. (2013) evaluated early bone response and anchorage of TM and conventionally threaded dental implants during 12 weeks of healing in healed extraction sites and found comparable results between the two implant designs. More recently, the present authors reported that TM dental implants demonstrated increased biological stability in the fresh extraction sockets of dogs as compared to conventionally threaded implants during early healing. However, further research was needed to explain this observed difference between the two implant designs.
A follow-up study was conducted in fresh canine extraction sockets to evaluate new bone formation activities and the resulting trabecular bone microarchitecture inside the pores and healing chambers of TM dental implants and between the threads of conventional dental implants.
| MATERIALS AND METHODS
The study protocol was approved by the Animal Welfare Committee of MPI Research (Mattawan, MI) and strictly complied with domestic and international guidelines for the humane treatment of research animals. Eight healthy, one-year-old male hound dogs ranging from 15.5 to 32.5 kg in weight were selected for this study. The dogs were F I G U R E 1 Study implants with midsections of unthreaded, highly porous TM (left) or conventional V-shaped external threads (right). Boxes (6.0 mm × 0.35 mm) indicate the regions of interest in this study allowed to acclimate to the facility for 2 weeks before they were randomly assigned to surgery.
| Study implants
The two study implants were slightly tapered designs, 4.1 mm in diameter by 13 mm in length, with microtextured (MTX® Surface, Zimmer Biomet, Palm Beach Gardens, FL, USA) titanium alloy surfaces created by grit-blasting the implants with hydroxyapatite (HA) particles, but differed in their midsections and cervical collar designs. The region of interest (ROI) in this study was the midsection of the implant, which consisted of either highly porous TM (Trabecular Metal Dental Implants, Zimmer Biomet) or conventional "V-shaped" external threads (Tapered Screw-Vent® Dental Implants, Zimmer Biomet) ( Figure 1 ).
| Surgical procedures
Surgical procedures were performed using general anesthesia induced with sodium pentothal (14 mg/ml) intravenously. Buccal and lingual intrasulcular incisions were made and extended along the alveolar crest to include two mandibular posterior premolars (P3, P4) and both molars (M1, M2). Terminal vertical releasing incisions were made in the interdental regions posterior to the second premolar (P2) and in the retromolar regions slightly beyond the second M2 sulcus, respectively. Full-thickness buccal and lingual flaps were elevated to expose the alveolar ridge, and teeth (P3, P4, M1, M2) were extracted using an atraumatic technique in an attempt to preserve the alveolar sulci.
The same procedures were performed in the contralateral quadrant of each animal. The extraction sites were prepared for immediate implant placement by sequential cutting with internally irrigated drills in graduated diameters, and four implants (two TM, two TSV) were randomly placed bilaterally in both posterior mandibular quadrants of each dog according to the manufacturer's instructions for use. The fixture mounts were removed, and surgical cover screws were attached to the tops of the implants for a submerged healing protocol.
After placement, voids around the implants were packed with bone allograft material (Puros® Cancellous Particulate Allograft, Zimmer Biomet) rehydrated in sterile saline, per manufacturer instructions, and a collagen barrier membrane (BioMend® Extend™, Zimmer Biomet) was placed over the implant and graft material. The gingival flaps were repositioned and sutured (4-0 Vicryl®, Ethicon Inc., Langhorne, PA, USA) in place using an interrupted technique while taking care to avoid tension over the exposed barrier membranes. All animals were placed on a soft diet and received mouthwashes with 0.12% chlorhexidine followed by sterile saline for at least 1 week after extraction and implantation surgery until soft tissue closure. Additional rinses were performed as needed per veterinary consultation.
| Calcein bone labeling
Each dog was injected with calcein (10 mg/kg) (Sigma Chemical Co., St.
Louis, MO, USA) at 11 and 4 days before euthanasia. Calcein-bound calcium ions can produce calcium deposition by chelation (Sun, Mori, Roper, Brown & Burr, 1992 ) and, when viewed over time, can visually depict the dynamics of mineralized bone tissue formation (Roldan et al., 2004) .
| Histologic examination
Two dogs were humanely euthanized at weeks 2, 4, 8, and 12, respectively. Postmortem, mandibular jaws were dissected and cut into blocks around the implants. The explanted tissue blocks were fixed in 10% neutral buffered formalin for 48 h. The tissue blocks were trimmed (Exakt 300 Band System, Exakt, Heraeus Kulzer, Wehrheim, Germany) and dehydrated by ethanol gradient. The blocks were then embedded in methyl methacrylate (Technovit 7200, Exakt).
Undecalcified sections were prepared in the buccolingual direction at the central line (Exakt Apparatebau AG, Norderstedt, Germany). Each section was ground and polished to a final thickness (~50 μm) (Isomet 2000, Buehler, Lake Bluff, IL, USA). Two sections were collected from each block. One section was stained with Sanderson and Van Gieson (DHM, Villa Park, IL, USA), and the other section was left unstained for calcein monitoring. Stained (n = 64) and unstained calcein-labeled samples (n = 64) were mounted on glass slides and subjected to histologic evaluations using a microscope (Olympus BX-51, Olympus Optical Co., Tokyo, Japan) connected with video camera and interface card (Olympus DP72, Olympus Optical Co.).
| Histomorphometric analysis
The regions of interest (ROI) used in this study were 6.0 mm long by 0.35 mm deep segments that corresponded to the external threads or highly porous TM midsections of the implants. Within the ROI segments, the areas occupied by the metallic dental implants were subtracted to calculate the amount of new bone. All histomorphometric analyses were performed using Bioquant Osteo II image analysis software (OsteoMetrics, Inc., Atlanta, GA, USA) interfaced with an Olympus light/epifluorescent microscope and video subsystem.
| Trabecular bone microarchitecture analysis
Histomorphometric measurements of trabecular bone microarchitecture in the ROI on 64 stained (Sanderson and Van Gieson) slides were performed on an image analyzer (Bioquant Osteo II, OsteoMetrics, Inc.) according to Parfitt's system (Dempster et al., 2013) (Table 1 ).
| Chemical and topographical analysis
Scanning electron microscopy (SEM) was employed to visualize and qualitatively analyze the surface morphology or topography of the microtextured titanium surface and the micro-and nano-textured (Bencharit et al., 2014) 
| Statistical analysis

| RESULTS
| Dynamic and static histologic evaluations
Both TM and TSV groups showed progressive new bone formation from immature woven bone and bone marrow at 2 weeks to a combination of woven bone and denser lamellar bone with organized fibers at 12 weeks (Figures 2 and 3) . Calcein fluorochrome labeling (green) of all unstained histologic sections illustrated the dynamic deposition of mineralized bone matrix at the interface and external perimeter of the implants (Figure 2 ). Fluorescence was intensely evident at TM implant interfaces and sparse in the TSV interfaces ( Figure 2 ).
| Histomorphometric data: calcein-labeled histologic slides
Paired t test revealed significant differences in the bone labeling intensity (p = .045, .028, and .002 at weeks 2, 8, and 12, respectively) between TM and TSV groups at 2, 8, and 12 weeks, but not at week 4 (p = .081) ( Figure 4 ). General linear model (GLM) ANOVA showed no significant differences in the bone labeling intensity for test group (p > .05) and control group (p > .05), respectively, with respect to healing time.
| Histomorphometric data: stained histologic slides
Significantly more newly formed bone was observed in the TM group than in the TSV group (paired t test, p = .0014, .0084, .0218, and .0251 at weeks 2, 4, 8, and 12, respectively) ( Figure 5 ), and GLM ANOVA revealed that the amount of newly formed bone was statistically higher at week 12 than at weeks 2 and 4 (p = .0138 in week 2 vs. 12, p = .0007 in week 4 vs. 12). In the TSV group, a statistically greater amount of new interfacial bone was observed at the threads with increased healing time (p = .0373 in week 2 vs. 8, p = .0185 in week 4 vs. 8, p = .0000 in week 2 vs. 12, p = .0000 in week 4 vs. 12, p = .0045 in week 8 vs. 12), except for the comparison between weeks 2 and 4 (p = .9933).
| Histomorphometric data: trabecular bone microarchitecture
Results are summarized in Table 2 . The paired t test revealed significant differences (p = .002, .026, .005, and .000) in mean specific bone Kulak & Dempster, 2010; Dempster et al., 2013; Salamanna et al., 2013. T A B L E 1 Histomorphometric measurements of trabecular bone microarchitecture c surface area values in a given volume between TM and TSV groups at each healing time interval, and that specific bone surface areas increased over time. Mean values of trabecular number were greater (p = .000 and p = .015) for the TM group than for the TSV group at 2 and 4 weeks, respectively. Mean trabecular number values at 2 or 4 weeks were significantly higher for TM group than TSV group, whereas no significant differences were seen in TM group over healing time. At every time interval, the TM group showed significantly higher (p = .010, .023, .004, and .000) mean trabecular thickness values than the TSV group. Mean trabecular separation values were higher (p = .005) in the TSV group than in TM group and increased over time in the TSV group.
| Chemical and topographical analysis
Representative SEM images of the implant surfaces taken at 500× and 2,000× magnifications are shown in Figure 6 . The TM surface exhibits a faceted, granular morphology as compared to the more uniform, microtextured topography of the TSV surface. These differences are related to the CVD and grit-blasting processes that were used to treat the TM and TSV implant surfaces, respectively. The elemental chemical spectra obtained from SEM EDS analysis and 3D mapping of the implant surfaces are shown in Figure 7 . The TM surface only showed peaks associated with tantalum, whereas the TSV surface showed peaks associated with the titanium (Ti), aluminum (Al), and vanadium (V) constituents of the titanium alloy (Ti-6Al-4V), as well as calcium (Ca), phosphorus (P), and oxygen (O) peaks associated with gritblasting the implant surface with HA particles. Sa values of 2.37 μm (±0.53 μm SD) and 0.97 μm (±0.08 μm SD), and Sq values of 3.02 μm (±0.0.64 μm SD) and 1.28 μm (±0.12 μm SD) were found for the TM and TSV surfaces, respectively. SMM analysis showed that the TM surface was nearly 150% rougher than the TSV surface.
| DISCUSSION
The present study showed that the dynamics of early bone tissue healing in immediately placed implants can be significantly Table 2) . The histologic analysis with calcein fluorescent markers (Figure 2 ) revealed that newly mineralized bone tissues were already present and remodeled as early as 2 weeks postimplantation, which was also clearly evident in the static histologic images with Sanderson and Van Gieson staining (Figure 3 ). This finding of mineralized and remodeled bone tissue at 2 weeks was consistent with samples retrieved from human subjects by Arriba et al. (2017) . Nonetheless, a question has been raised as to whether the use of highly porous TM material in a dental implant design might pose an additional risk for peri-implantitis compared to non-porous implant designs (Bencharit et al., 2014) . This is based, in part, on reports in the literature that bacterial adhesion, subgingival bacterial load, and the progression of untreated peri-implantitis are more pronounced on implants with moderately roughened surfaces than implants with smoother surfaces (Berglundh, Gotfredsen, Zitzmann, Lang & Lindhe, 2007; Todescan, Lavigne & Kelekis-Cholakis, 2007) .
According to the manufacturer, it is for this reason that use of TM has been restricted to the midsection of the implant approximately 4.25 mm below the prosthetic platform. Consequently, any dental implant with peri-implantitis and 4.0 mm of crestal bone loss would have to be removed whether or not TM material was present if clinical interventions could not alleviate the infection and regenerate the lost bone. In a comparative canine study of ligature-induced peri-implantitis around TM and TSV dental implants, histopathological and histomorphometric findings showed that both implant designs performed similarly and that no bacteria were found inside the pores of the TM material . In an unrelated case report, a TM implant placed in a patient with moderate chronic periodontitis exhibited peri-implant inflammation affecting one-third of the implant at the second-stage surgical uncovering 4 months after placement (Spinato et al., 2014) . The implant was retrieved, and with the tantalum-based TM material than with the implant's titanium surface (Spinato et al., 2014) . The authors concluded that TM material promoted bone ingrowth for secondary implant stability and suggested that it may also possess a capacity to resist peri-implant inflammation (Spinato et al., 2014) . Although other research has suggested that bacterial adhesion rates are relatively similar between tantalum and titanium (Levon et al., 2010; Schildhauer, Robie, Muhr & Köller, 2006) , progressive angiogenesis has been observed (Arriba et al., 2017) inside TM material retrieved from human subjects from 2 to 12 weeks, which may provide a pathway for delivering antibiotics to the internal network of pores inside TM material. Prospective clinical studies are needed, however, before any definitive conclusions can be reached.
F I G U R E 4 Comparison of histomorphometric data from calceinlabeled TM and TSV histologic slides show significant differences in bone labeling intensity at weeks 2 (p = .045), 8 (p = .028), and 12 (p = .002), respectively, but not at week 4 (p = .081) F I G U R E 5 Statistical differences in the amount of new bone formation were observed in the TM group compared to the TSV group (p = .0014, .0084, .0218, and .0251 at weeks 2, 4, 8, and 12, respectively) (Sanderson and Van Gieson stains)
In spite of these findings, it is important to note that the present study had some limitations. First, the sample size of two dogs per time interval was small. An attempt was made to ameliorate this shortcoming by randomly selecting the animals for each healing period, placing the implants in a randomized sequence, and including data from every implant in the study, regardless of the dog, according to the methodology of Kim et al. (2013) . Second, the data collected from canine mandibular sites in the present study must be viewed with caution when trying to predict outcomes in humans (Wancket, 2015) . While the dog is considered the most preferred large animal species prior to human clinical study in dental implantology, it is true that biological healing rate and immunologic response are different between the two species (Pearce, Richards, Milz, Schneider & Pearce, 2007) . Third, all implants were evaluated after unloaded healing in dog mandibles, which characteristically have relatively high bone mineral density (Hao, Zhao, Wang, Yu & Zou, 2014) . Therefore, additional research is needed to investigate the effect of loading time on immediate implant placement in the same fresh extraction socket model. Lastly, multiple variables were introduced to the regions of interest between the test and control implant groups, such as implant macrogeometry, surface design/ topography, and implant material. These variables may impact the peri-implant healing process differently.
In summary, implant design influences healing dynamics, which can be attributed to the improvement of osseointegration, particularly in situations in that early implant stability is difficult to achieve and maintain. Three-dimensional porosity in the midsection of the TM implant may allow improved mechanical anchorage of the implant by bone ingrowth and neoformation inside the interconnected pores of the biomaterial. Current histologic and histomorphometric F I G U R E 6 SEM enlargements taken at 500× (left) and 2,000× (right) of the TM (a, b) and TSV (c, d) surfaces, respectively. Note the irregular faceted tantalum surface texture (top row) compared to the relatively uniform microtextured titanium surface (bottom row) caused by the CVD and grit-blasting surface preparation methods, respectively 
| CONCLUSIONS AND CLINICAL IMPLICATIONS
Results suggest that the healing pathway associated with the highly porous midsection of TM dental implant could enable faster and stronger secondary implant stability than conventional osseointegration alone; however, prospective clinical studies are needed to confirm these potential benefits in patients with low bone density, compromised healing, or prior implant failure. ORCID Georgios E. Romanos http://orcid.org/0000-0002-7745-5957
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